Single nucleotide polymorphism (SNP) genotyping is useful for assessing genetic variation in germplasm collections, genetic map development and detection of alien chromosome substitutions. In this study, a diversity analysis using 1,301 SNPs on a set of 37 barley accessions was conducted. This analysis showed a high polymorphism rate between the malting barley cultivar 'Haruna Nijo' and the food barley cultivar 'Akashinriki'. Haruna Nijo and Akashinriki are donors of the barley expressed sequence tag (EST) collections. A doubled haploid (DH) population derived from the cross between Haruna Nijo and Akashinriki was genotyped with 1,448 SNPs. Of these 1,448 SNPs, 734 were polymorphic and distributed on barley linkage groups (chromosomes) as follows: 1H (86), 2H (125), 3H (120), 4H (100), 5H (127), 6H (88) and 7H (88). By using cMAP, we integrated the SNP markers across high-density maps. The SNPs were also used to genotype 98 BC 3 F 4 recombinant chromosome substitution lines (RCSLs) developed from the same cross (Haruna Nijo/Akashinriki). These data were used to create graphical genotypes for each line and thus estimate the location, extent and total number of introgressions from Akashinriki in the Haruna Nijo background. The 35 selected RCSLs sample most of the Akashinriki food barley genome, with only a few missing segments. These resources bring new alleles into the malting barley gene pool from food barley.
Introduction
High-density transcript maps are key genomic resources for a variety of genetic and breeding applications. In barley, a significant number of expressed sequence tags (ESTs) have been obtained and used to design single nucleotide polymorphism (SNP) assays for mapping (Rostoks et al. 2005) . Since these SNPs are derived from ESTs, SNPs represent the sequence difference of transcripts in haplotypes used for the generation of ESTs. Based on the Illumina Golden Gate SNP detection assay, a consensus map from four mapping populations containing approximately 3,000 SNPs was developed ). Three of these mapping populations and their parents (Steptoe/Morex, Oregon Wolfe Barley and Haruna Nijo/H602) have been used extensively by the barley research community. The Steptoe/Morex doubled haploid (DH) population was initially mapped with restriction fragment length polymorphism markers (Kleinhofs et al. 1993 ) and subsequently used for marker saturation with other genotyping tools (Rostoks et al. 2005 , Wenzl et al. 2006 . The Oregon Wolfe Barley (Costa et al. 2001) DH population segregates at 12 visible mutant loci, has high sequence polymorphism between parents and 2,383 markers have been mapped on this population (Stein et al. 2007 , Szu 00 cs et al. 2009 ). We recently reported a high-density (2,890) transcript map based on the Haruna Nijo/H602 DH population (Sato et al. 2009b ). The Morex/Barke population was a new population in the barley community. However, Morex, Barke and Haruna Nijo are malting barleys intensively used for EST generation. H602 was the only strain of an ancestral form (Hordeum vulgare ssp. spontaneum) of cultivated barley (Hordeum vulgare L.) used for EST generation in barley.
The development of backcross introgression populations (also called recombinant chromosome substitution lines; RCSLs) provides the opportunity to assess unadapted alleles in an adapted genetic background (Matus et al. 2003 , Pillen et al. 2003 , von Korff et al. 2004 , Schmalenbach et al. 2008 , Sato and Takeda 2009 . For example, Sato and Takeda (2009) demonstrated systematic generation of substituted segments of the wild barley H602 into cultivated Haruna Nijo. They also used this system to separate quantitative trait loci (QTLs) for seed dormancy to simplify genetic analyses to individual loci (Sato et al. 2009a ). The same wild barley accession was substituted into the North American elite malting barley cultivar Harrington to find QTLs for multiple disease resistance phenotypes (Yun et al. 2006 ) and morphological traits (Gyenis et al. 2007) . A series of QTLs for agronomic and malting traits were also identified in substituted lines of wild barley accession ISR42-8 in the elite barley cultivar Scarlett (von Korff et al. 2005 , von Korff et al. 2006 , Schmalenbach et al. 2009a , Schmalenbach et al. 2009b .
Malting barley breeding in Japan is generally conducted by back-crossing a European malting barley cultivar to Japanese landraces to adapt European malting barleys to Japanese environments. This procedure is also applicable to Haruna Nijo which is widely used as a crossing parent as a foundation of current Japanese high-quality malting cultivars (Supplementary Table S1 ). In the pedigree of Haruna Nijo, all the parents were of European origin except for the old Japanese landrace Kitsuki Wase. For example, the European malting quality variety Golden Melon was repeatedly crossed to introduce malting quality and theoretically comprises 59.375% of the Haruna Nijo genome (Supplementary Table S1 ).
Naked food barleys represent a largely untapped source of novel alleles for malting barleys. Akashinriki is a Japanese six-row food barley and is unrelated to the other donor genotypes used in the barley EST discovery efforts. A series of mutants were induced on Akashinriki at Okayama University and used for genetic analysis and trait-based genetic map construction in the barley research community (http://wheat.pw.usda .gov/ggpages/bgn/26/bgn26tc.html). East Asian barleys including Akashinriki have been differentiated from Occidental barleys including the ancestral cultivars of Japanese malting barleys. They can be clearly distinguished by marker traits, e.g. brittleness of the rachis (von Bothmer et al. 2003) . They also have special features due to the adaptation to moist conditions and food uses. In particular, barleys in southern Japan are grown mainly as a winter crop in paddy fields after rice cultivation in the summer and used for cooking similarly to rice. The semi-dwarf gene uzu (Chono et al. 2003) has been incorporated into most varieties to reduce the size of grain to synchronize the cooking time with rice. Akashinriki may have a novel variation that can be exploited in malting barley variety development.
In this study, we used the Illumina barley SNP platform ) to address three main objectives: (i) to estimate the genetic variation within germplasm used mainly for mapping parents and as EST donors; (ii) to develop a genetic map for the Haruna Nijo/Akashinriki DH population; and (iii) to characterize BC 3 F 4 RCSLs from the cross of Haruna Nijo/ Akashinriki.
Results

Degree of polymorphism and germplasm grouping
We used the barley oligonucleotide pooled assay #1 (BOPA1; 1,536 SNPs targeting 1,536 different genes) to assess the genetic variation in the germplasm collection described in Table 1 . This collection is composed of the major EST donors, mapping population parents, and malting and food quality varieties around the world. Of the 1,536 SNPs represented on BOPA1, 1,301 mapped SNPs ) were informative. Since SNPs are bi-allelic, Haruna Nijo was used as a control haplotype to visualize the polymorphism of each SNP locus (Fig. 1) . The dissimilarity of haplotypes was estimated by allele sharing between haplotypes. Pairwise dissimilarity scores were distributed within a range of 0.03-0.61 with an average of 0.42. Table 2 shows dissimilarity scores between the major donors of ESTs of the germplasm tested, namely Morex, Barke, Haruna Nijo, H602 and Akashinriki. Akashinriki exhibited the greatest genetic differentiation from wild barley H602 compared with the other EST donors. Clustering of the germplasm using UPGMA showed reasonable groups of germplasm, namely Asian non-malting, experimental and wild, Non-malting, East Asian malting and US and European malting groups (Fig. 2) . A Russian accession (Russia 6) was close to the East Asian malting group and was estimated to be a malting barley closely related to barleys from East Asia. The US and European malting group consisted of mainly two-row barleys. Among these, BSR41 was a six-row experimental line derived from crossing Bowman (two-row) and Cali sib (six-row), and showed similarity to Bowman. Each EST donor, i.e. Akashinriki, H602, Morex, Haruna Nijo and Barke, clustered separately in Fig. 2 .
Application of OPA markers for genotyping DH lines
Of the 1,448 successfully detected SNP markers, 734 were polymorphic between the DH mapping population parents Haruna Nijo and Akashinriki, giving an overall polymorphism rate of 50.6%. Allele calls for these 734 polymorphic SNPs were obtained on 68 DH lines based on the parental SNP alleles. However, 14 duplicated lines were identified within the set of DHs. After deleting the duplicated lines, the number of unique lines was reduced to 54.
The genotype data were used for linkage map construction. A total of 734 SNPs were integrated into nine linkage groups. The markers were compared with the consensus map of Close et al. (2009) to orient each linkage group relative to the consensus map. A long arm terminal region of 1H was merged to the main part of the 1H linkage group. Similarly, a small short arm terminal region of 2H was merged with the main linkage group of chromosome 2H. Thus, the numbers of markers mapped per chromosome were as follows: 1H (86), 2H (125), 3H (120), 4H (100), 5H (127), 6H (88) and 7H (88). The total map length was 1,002.4 cM, with an average marker density of 1.37 cM. The SNP markers were well distributed, except for clustering in some centromeric regions (marker information available in Supplementary Table S2 ). However, the resolution of the current map was low due to the small population size. Thus, multiple markers were quite often mapped to the same map location.
A cMAP display was developed for the Haruna Nijo/ Akashinriki DH population (Fig. 3) . Links to the cMAPs of the high-density EST map of Haruna Nijo/H602 (Sato et al. 2009b) , the OPA-SNP map of Haruna Nijo/H602 (Sato and Takeda 2009) 
RCSL genotyping and genome coverage
BOPA1 was used to genotype 98 BC 3 F 4 (RCSLs) from the cross between Haruna Nijo and Akashinriki. SNP marker data from the 98 RCSLs were sorted in order according to the mapping results from the DH population. This was successful for 699 loci; four loci had high numbers of missing data points in the RCSLs and were not included. The RCSLs were homozygous at most loci; the few cases of heterozygote calls were readily recognized, in general defining segments containing tracts of heterozygous loci. Within families of lines derived from the same BC 2 F 1 plants, there was considerable overlap in the introgressed segments. However, even in these cases, unique introgression segments were identified. Sato et al. (2009b) By arranging substituted segments in the RCSLs by chromosome (and from short arm to long arm within each chromosome), a minimum set of RCSLs was selected to represent the unique substituted segments from wild barley. Fig. 4 (see also Supplementary Table S3) shows these 35 selected RCSLs, as illustrated by GGT 2.0 (van Berloo 2008). Some of the substituted segments that overlap are duplicated to achieve maximum genome coverage. The introgressed segments represent the Akashinriki genome well, except for the terminal region of the long arm of chromosome 4H. Despite these overlaps and gaps, substitutions of most of the barley genome, as defined on a genetic rather than a physical basis, were obtained.
Discussion
Marker polymorphism and mapping
The barley accessions used in the diversity analysis (Table 1) were chosen based on collection sites, primary uses and their contribution as mapping parents. Key mapping parents used for the construction of the BOPA SNP map , Szücs et al. 2009 ) included Morex, Barke, Steptoe, OWB dominant, OWB recessive, Haruna Nijo and H602. Betzes was also included as it was the barley donor to the wheat-barley addition lines, which have been used to map genes to barley chromosomes (Sakai et al. 2009 ). Other accessions were included based on previous mapping of biotic and abiotic stress tolerance loci including Ko A, Harubin 2 row, Mokusekko 3, Harrington, Galena, Diktoo, Shyri, BCD47, TR306, Baronesse, H.E.S.4, Russia 6, Khanaqin 7, Turkey 6, Turkey 45, Katana 1 and Khanaqin 1 , Toojinda et al. 2000 , Inukai et al. 2006 , Hori et al. 2007 , Takahashi et al. 2008 .
Among the germplasm used in this study, a key advantage of using the Haruna Nijo/Akashinriki population for this research was that the parents were used to obtain ESTs that were then used to identify SNPs for BOPA1. This increases the chances that the BOPA1 SNPs would differentiate Haruna Nijo and Akashinriki. In HarvEST:Barley, the SNP alleles between Haruna Nijo and Akashinriki are often visible, although not all these pairwise SNPs were integrated into BOPA1 ).
As shown in Fig. 2 , a large genetic distance existed between Haruna Nijo and Akashinriki. The SNP variation between Haruna Nijo and Akashinriki (0.54) was high but still lower compared with other combinations of EST donors, e.g. Barke and Morex (0.61) or Haruna Nijo and H602 (0.57) ( Table 2 ). These differences may be due to ascertainment bias in the SNPs used for the BOPA1 design rather than being true metrics of genetic distance. As described in Close et al. (2009) , the content of BOPA1 was intentionally biased toward SNPs with good resolving power in breeding germplasm by including only SNPs with a minor allele frequency of at least 8% in a breeding germplasm training set. This is consistent with the hierarchical structure of clusters shown in Fig. 2 . Moragues et al. (2010) applied the same set of 1,536 SNPs for the diversity analysis to 169 barley landraces from Syria and Jordan, and 171 European cultivars. They estimated the diversity by using randomly chosen sets of 384 SNPs, and the same number of SNPs to maximize the polymorphisms in either landraces or cultivars. They compared the efficiency of these sets and found that pre-selecting markers from BOPA1 for their diversity in a germplasm set is very worthwhile in terms of the quality of data obtained.
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Genotyping of the Haruna Nijo/Akashinriki DH population revealed considerable duplication of the 68 lines. There were 10 duplicates and three triplicates. The elimination of duplicates and the consequent reduction of the mapping population to 54 unique individuals resulted in a loss of mapping resolution but not marker order. Duplication of the lines probably resulted from using pollen culture for the DH line development, which caused a single callus giving rise to two or more plants. This kind of duplication has been observed in other mapping populations, e.g. Oregon Wolfe Barley, but a 10% population size reduction in the Oregon Wolfe Barleys did not change the marker order or the relative positions of QTLs (Patrick Hayes, personal communication). Identifying duplicated lines in mapping populations has become easier with the availability of high-accuracy, high-density genotyping systems. With previous marker systems, lines that exhibited very similar genotype calls were considered similar but not identical, and were on that basis carried forward. The lesson learned from the Haruna Nijo/Akashinriki population makes a general point that for all DH and recombinant inbred line populations in barley and other systems it may be prudent to re-analyze each population using high-accuracy marker systems, even if the map is considered well established. The duplication of lines can cause apparent segregation distortion and will affect the detection of true linkage between markers and trait loci. The methods of population development should also be considered in order to avoid duplication of lines.
Due to the small population size and apparently sizeable genetically identical segments of the two chromosomes, both chromosome 1H and 2H were divided into two linkage groups. As a consequence, direct calculation of the distance between the two linkage groups on each chromosome was not possible. Since both Haruna Nijo and Akashinriki are Japanese cultivars, the chromosome segments of 1H and 2H might be identical by descent. However, the relative positions of initially unjoined segments of linkage groups 1H and 2H were readily ascertained by referring to the consensus map ). The opportunity to merge maps that have many markers in common is another considerable advantage of using a standardized marker system. As shown in Fig. 3 (see also the expanded cMAP web image at http://map.lab.nig.ac.jp:8085/cmap/), the BOPA1 markers tended to cluster within centromeric regions of each chromosome, consistent with the observation reported in Close et al. (2009) . Also, two or more SNPs in the Haruna Nijo/Akashinriki map often fell into the same recombinational bin. This will happen with any set of randomly generated markers with a small mapping population. However, the application to the current map of comparative functions in the cMAP platform provides useful information about the marker order in the clustered regions. Increasing the Haruna Nijo/Akashinriki DH population size would ensure the development of a map with distinct marker locations.
Detection, alignment and selection of alien segments using RCSLs
The current application of SNP markers to RCSLs has allowed us to map substituted segments precisely in barley. The same mapping strategy was used in the Haruna Nijo/H602 population, which gave the same quality of data sets for identifying segmental substitution (Sato and Takeda 2009) .
The alignment of 98 BC 3 F 4 Haruna Nijo/Akashinriki RCSLs using high-resolution genotyping detected missing segments only on chromosome arm 4HL. This is better genome coverage compared with the Haruna Nijo/H602 (BC 3 F 5 ) population, which did not capture several regions of chromosomes (Sato and Takeda 2009) . If a complete set of RCSLs is necessary, it could be developed by application of high-throughput genotyping in an earlier generation during RCSL development. A full set of 98 BC 3 RCSLs will have an average redundancy of approximately 6-fold for each locus, which would be useful in a genome-wide survey for QTLs.
We found that a set of 35 RCSLs represents most of the alleles of Akashinriki in the background of Haruna Nijo. The total length of the SNP map from the Akashinriki/Haruna Nijo DH population is 1,002.4 cM, whereas the map length of the RCSLs is 98.9% of the SNP map (991.2 cM). This is much higher than the 81.4% of the H602 genome captured in Haruna Nijo in the Haruna Nijo/H602 BC 3 F 5 (Sato and Takeda 2009 ). Due to the small Haruna Nijo/Akashinriki DH population size, the resolution of the marker positions was low. However, graphical genotyping shows clear and reliable identification of substitution segments from Akashinriki (Supplementary Table S3 ). Therefore, the Haruna Nijo/Akashinriki RCSLs provide a high level of genome coverage with a high degree of marker saturation.
Exploiting food barley alleles for developing malting barley cultivars
Food barleys usually show very low malting and brewing quality profiles, and beneficial alleles are not easily accessible due to multiple negative traits on malting quality. RCSLs may be useful genetic resources for evaluating undiscovered alleles from food barley. These resources will bring new alleles into the malting barley gene pool from food barley to develop improved malting barley cultivars. All EST markers mapped on the substituted segments in the RCSLs can be utilized to analyze genes of interest that are segregating between Haruna Nijo and Akashinriki. Since BAC (bacterial artificial chromosome) libraries are available for Haruna Nijo (Saisho et al. 2007) , segregating markers on the substituted segments are potential targets of gene isolation, especially for unique characters derived from East Asian food barleys.
Materials and Methods
Plant materials
Thirty-seven barley genotypes that were mainly donors for EST sequencing and mapping population parents were used ( Table 1) . A Japanese malting barley cultivar 'Haruna Nijo' was used as a female parent for crossing with a Japanese food barley cultivar 'Akashinriki'. A DH population and RCSLs were developed from Haruna Nijo/Akashinriki F 1 plants. The DH population, composed of 68 lines, was developed using microspore culture by Pajbjergfonden, Denmark (Ziauddin et al. 1990 ). The RCSLs were developed in the following manner. The F 1 was crossed with a recurrent parent 'Haruna Nijo' to produce BC 1 F 1 individuals. Twenty-four BC 1 F 1 individuals were crossed with the recurrent parent. Each of 117 BC 2 F 1 individuals was again crossed with the recurrent parent to produce BC 3 F 1 RCSLs. Each BC 3 F 1 individual was self-pollinated to develop a set of 117 BC 3 F 2 lines. A subset of 98 RCSLs was randomly selected from the 117 BC 3 F 2 lines and advanced to the BC 3 F 4 generation at the facilities of Okayama University, Kurashiki, Japan (34 35 0 N and 133 46 0 E).
DNA isolation and genotyping
Plants were grown in the experimental field in Okayama University, and 200-300 mg of seedling leaf tissue was harvested from each plant. Leaf samples were frozen in liquid nitrogen and crushed into a fine powder using a multibead shocker (Yasui Kikai Co.). Qiagen DNeasy Plant mini kits (QIAGEN Co.) were used to isolate DNA from each sample. The DNA concentration was adjusted to 100-200 ng ml
À1
. Frozen DNA samples were sent to the Southern California Genotyping Consortium, Illumina BeadLab at the University of California-Los Angeles for the OPA-SNP assay with the 1,536-plex detection platform of BOPA1 ). Genotyping was performed on 37 selected genotypes, 68 DH lines and 98 RCSLs using the Illumina GoldenGate BeadArray (Fan et al. 2003) . Genotype data were manually inspected to correct for excessive emphasis on heterozygote calls using GenCall software (Illumina) and only the most reliable calls were retained. The SNP loci are designated by HarvEST unigene assembly #32 numbers. Further information regarding translation of SNP locus designations to pilot OPA numbers (POPA), barley OPA numbers (BOPA) and HarvEST unigene assembly #35 numbers is provided in Supplementary Table S2 .
Genetic mapping
SNPs were compared between Haruna Nijo and Akashinriki to identify markers segregating in the DH population. Linkage among polymorphic markers from the OPA analysis was calculated using MSTMap (Wu et al. 2008; http://138.23.178 .42/ mstmap/) with the Kosambi map function (Kosambi 1944) and a LOD threshold of 5.0. Due to the small number of individuals in the mapping population, linkage groups were derived from the SNP consensus map ).
Genotype calls from the RCSLs were placed in map order as determined from the DH lines. The chromosome segments introgressed into Haruna Nijo from Akashinriki were estimated from the graphical haplotypes.
The cMAP environment (Fang et al. 2003 ) was used to develop a comparative genetic map between the Haruna Nijo/ Akashinriki map reported herein and other map resources. Dynamic links from marker names to sequence and/or annotation data were made using cMAP functions.
Supplementary data
Supplementary data are available at PCP online.
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